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Abstract 
Heterojunction silicon wafer solar cells, using a microcrystalline silicon (μc-Si:H) thin-film emitter and a very thin 
intrinsic amorphous silicon (a-Si:H) passivation layer between the crystalline silicon wafer and the emitter layer,  
have been reported to exhibit stable performance and high efficiency. Desired properties for the emitter layer include 
wide bandgap, low surface and interface recombination, and good doping efficiency. In this study, we report on the 
thin-film properties of p-doped μc-Si:H emitter layers deposited using RF (13.56 MHz) PECVD, at different SiH4/H2 
gas flow ratios, pressures, and temperatures at the same RF power. Trends relating deposition conditions to relevant 
film characteristics such as thickness, crystalline fraction and conductivity are discussed. Finally, device relevant 
symmetrical p+/i/c-Si/i/p+ heterojunction lifetime test structures are investigated, using the optimised parameters for 
p-doped μc-Si:H layers (discussed in this paper) and for intrinsic a-Si:H layers (discussed in a companion paper [1]). 
These exhibit promising effective lifetimes of up to 2.4 ms at an injection level of 1015 cm-3. 
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1. Introduction 
To achieve higher photovoltaic efficiency of hetero-junction Si wafer solar cells, the optimisation of 
the heavily p-doped thin-film emitter layer is important [2]. Desirable properties in the emitter layer 
include having a wide bandgap to reduce incoming photon absorption, low surface and interface 
recombination, and sufficient doping efficiency. Using a thin layer of wide-bandgap emitter material can 
help to reduce front surface recombination, and allow most of the light to pass through to the Si wafer. 
Additionally, the emitter needs to be sufficiently doped to obtain a large built-in potential for efficient 
charge carrier separation. It has been reported previously that microcrystalline silicon (μc-Si) based solar 
cells have several characteristic features [3, 4] such as reduced absorption of short-wavelength photons, 
enhanced absorption in near IR region, and improvements over amorphous silicon solar cells in terms of 
improved light soaking stability and higher carrier mobility. The successful application of μc-Si:H emitter 
layers to heterojunction silicon wafer solar cells has been shown in Refs. [5-9]. 
 
The focus of the present study is on the material, optical and electronic properties of heavily doped 
thin-film p-type emitter layers, which are either amorphous (a-Si:H) or microcrystalline (μc-Si:H) emitter 
layers, depending on the chosen deposition conditions. A preliminary study of the optimised μc-Si:H 
emitter layer is also carried out by incorporating it into a device-relevant symmetrically passivated 
heterojunction lifetime sample (p+/i/n-Si wafer/i/p+) using 20 nm thick p-doped μc-Si:H emitter layers and 
10 nm thick intrinsic a-Si:H layers. 
2. Experimental details 
The heavily doped p-type a-Si:H/μc-Si:H emitter layers studied were deposited onto planar glass, 
using a conventional 13.56-MHz parallel-plate PECVD reactor at different SiH4/H2 gas flow ratios, 
deposition pressures, and substrate temperatures. As summarised in Table 1, the dilution ratio (R = 
H2/(H2+SiH4)), substrate temperature T,  deposition pressure p were set within the ranges R ~ 0.95-0.98, T 
~ 150-250 ºC, p ~ 0.5-1.9 Torr, respectively. The RF plasma power P, diborane B2H6 flow, and SiH4 flow 
were kept at P = 0.07 W/cm2, 2 sccm (0.5% diluted in H2) and 6 sccm, respectively. The target thickness 
for the emitter layer was ~45 nm. 
Table 1. Overview of process parameters 
Sample ID Pressure (mTorr) 
Substrate  
temp (ºC) R = H2H2 + SiH4 H2 flow (sccm) SiH4 flow (sccm) B2H6 (0.5%) flow (sccm) 
HET060 500 150 0.95 114 6 2 
HET061 500 180 0.96 144 6 2 
HET062 500 210 0.97 194 6 2 
HET063 500 250 0.98 294 6 2 
HET064 1000 150 0.96 144 6 2 
HET065 1000 180 0.95 114 6 2 
HET066 1000 210 0.98 294 6 2 
HET067 1000 250 0.97 194 6 2 
HET068 1500 150 0.97 194 6 2 
HET069 1500 180 0.98 294 6 2 
HET070 1500 210 0.95 114 6 2 
HET071 1500 250 0.96 144 6 2 
HET072 1900 150 0.98 294 6 2 
HET073 1900 180 0.97 194 6 2 
HET074 1900 210 0.96 144 6 2 
HET075 1900 250 0.95 114 6 2 
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The thickness of the films was measured by stylus profilometry. Optical characterisation via Raman 
spectroscopy and UV-VIS-IR spectrometry were carried out to determine the crystallinity as well as the 
absorption characteristics. A four-point-probe instrument was used to determine the sheet resistance. 
 
It has been reported previously that optimum p-doped µc-Si:H films at conventional PECVD at 13.56 
MHz and 110 MHz have displayed conductivity exceeding 1 S/cm [10] and 25 S/cm [6] respectively. 
Considering the importance of both high conductivity for efficient charge collection and low film 
thickness for reduced incoming photon absorption, the deposition conditions for optimised performance 
in terms of film crystallinity and conductivity for the target thickness were selected. Samples with varying 
thickness from 20 nm to 100 nm, in 20 nm increments, were fabricated in order to assess the optimum 
thickness to achieve high conductivity and low absorption. Finally, with the chosen optimum deposition 
condition, the impact of the emitter layer in symmetrically passivated heterojunction carrier lifetime 
samples with the structure p+/i/n-type Si wafer/i/p+ on double-sided polished planar low-resistivity (2.6-
3.1 Ωcm) n-type Fz Si wafers were investigated. 
3. Results and discussion  
3.1 Thickness uniformity 
Firstly, the uniformity of the thin Si emitter film at different deposition conditions was investigated. As 
can be seen from the interaction plot of deposition pressure, temperature, and dilution ratio of Figs. 1 and 
2, the deposition pressure of 500 mTorr produces films with significantly poorer uniformity, with 
thickness standard deviation of ~46% as compared to ~10% for the other higher deposition pressures, 
independent of variation in temperature or dilution ratio.  
 
As can be seen in Fig. 3, closer examination of the recorded deposition parameters for the runs shows a 
strong correlation between the dc bias and the thickness uniformity. The interaction plot of Fig. 4 
indicates that the undesirably high dc bias (> 900 V) occurs for deposition pressures below 1 Torr, 
independent of the choice of temperature or dilution ratio. As described previously by Paul et al. [11] on 
RF-PECVD amorphous carbon, it was highlighted that film adhesion is closely related to the film stress, 
which is in turn dependent on the dc bias which develops between the substrate and the plasma sheath. 
With increasing dc bias, increased film stress was reported, leading to poor film adhesion. This is not 
surprising given that amorphous films are deposited under compression or tension, depending on 
deposition techniques and conditions [12], and besides the electronic defects, the intrinsic mechanical 
stresses in a-Si:H film has been reported [13-15] to cause adhesion problems and may have deleterious 
effect on certain electronic properties such as dangling bond creation. For the parallel plate PECVD 
configuration for this series of deposition, both the grounded electrode and the powered electrode are at 
negative potential with respect to the plasma potential and thus subjected to positive ion bombardment.  
 
All our depositions at 500 mTorr have shown very high dc bias of ~9 times higher than that at 1000, 
1500 or 1900 mTorr. With high DC bias, ions produced during the RF glow discharges are accelerated 
through high-field regions across the plasma sheath to the electrodes, resulting in substantial ion 
bombardment of the growing film surface. This is causing increased film stress in addition to the intrinsic 
mechanical stress, leading to poor film quality and poor homogeneity [12]. 
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Fig. 1. Thickness uniformity vs. deposition temperature 
 
Fig. 2. Thickness uniformity vs. dilution ratio 
 
Fig. 3. Thickness uniformity vs. dc bias 
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Fig. 4. DC bias vs. pressure 
3.2 Raman crystallinity and sheet resistivity 
Secondly, the Raman crystallinity and sheet resistivity of the samples were investigated. By fitting the 
typical Raman shift peaks of amorphous Si, stressed Si, and crystalline Si at 480, 510 and 520 cm-1, 
respectively, we can derive the crystallinity of the individual samples [16]. With the target thickness of 
~45 nm, it was found that the bulk of the fabricated samples was mostly amorphous, with only two 
samples displaying crystallinity > 20%. These two samples were fabricated with pressure/substrate 
temperature/dilution ratio of 1.9 Torr/150ºC/0.98 and 1.9 Torr/180ºC/0.97, respectively. The sheet resis-
tivity of these two samples was about the same (~330 kOhm/sq). To further understand the interaction of 
doped p-type Si film thickness on the crystallinity and conductivity, samples were fabricated in 20 nm 
steps from 20 to 100 nm, and film crystallinity and sheet resistivity measured as well. With the film 
thickness increasing from 20 to 100 nm, we observe an increase in Raman crystallinity from 1 to 42 %, 
which correlates well with an increase in conductivity from 0.06 to 4.8 S/cm (Figs. 5 and 6). 
 
 
Fig. 5. Raman spectra of five p-doped Si films of different thickness. Deposition conditions: pressure 1.9 Torr, 
substrate temp 180 ºC, dilution ratio 0.97 
 
20001750150012501000750500
1000
800
600
400
200
0
Pressure (mT)
D
C
 b
ia
s 
(V
)
DC bias (V) vs Pressure (mT)
123Z.P. Ling et al. / Energy Procedia 15 (2012) 118 – 128     Z.P Ling et al. / Energy Procedia 00 (2011) 000–000 6 
 
Pearce et al. and others [17-21] have previously reported on the evolution of the microstructure and 
phase of the silicon layer with increasing thickness from a-Si:H to mixed-phase (a+μc)-Si:H to single-
phase μc-Si:H determined via real time spectroscopic ellipsometry (RTSE) during PECVD deposition. 
This was further verified using atomic force microscopy (AFM) to measure the changes in film surface 
roughness, as well as transmission electron microscopy (TEM) which showed a growing nucleation of 
microcrystallites in a conical structure beginning at the mixed phase (a+μc)-Si:H transition. This effect is 
even more dominant at very high dilution ratios where single-phase μc-Si:H can be potentially attained. It 
was further reported that the optimum p-layers were deposited at the onset of the (a+μc)-Si:H phase, with 
reported highest open-circuit voltage (Voc) for films of different dilution ratios and same thickness. 
 
 
Fig. 6. Impact of film thickness on film crystallinity and conductivity 
In perspective, our results also display a consistent trend, as seen in Figs. 5 and 6. For our choice of 
deposition condition, it is clear that the 20 nm p-doped Si film is predominantly amorphous as confirmed 
by Raman spectroscopy. With increasing thickness of the p-doped Si film, a transition from amorphous 
silicon (a-Si:H) to microcrystalline silicon (μc-Si:H) occurs with higher film crystallinity % and corres-
ponding higher conductivity. Thus, in consideration of solar cell device applications, the trend of thick-
ness to crystallinity presents a trade-off between the low optical absorption of thinner films on one hand 
and better doping efficiency of thicker films on the other hand [22]. For device application, the layer 
thickness should be around 10 to 25 nm, implying that further conductivity optimisation of the p-doped 
emitter layer is required to achieve both low optical absorption and high doping efficiency. 
 
It is also relevant to highlight reports by Cabarrocas et al. [23], Fujiwara et al. [21], and Collins et al. 
[24] that the nucleation properties of doped microcrystalline silicon thin film are strongly dependent on 
the substrate. The comparison of film growth on different substrates, such as glass, crystalline silicon, as 
well as hydrogenated intrinsic amorphous silicon (a-Si:H) has shown different variation of film 
crystallinity with increasing thickness. For the case of a-Si:H substrate, the same deposition parameters 
applied has produced doped silicon thin film dominantly in an amorphous state with varying thickness 
from 20 nm to 100 nm. To enhance μc-Si:H growth, it is reported that a hydrogen plasma pretreatment of 
the a-Si:H substrate can help to generate Si microcrystallites at the a-Si:H surface that act as initial nuclei 
for enhancing doped microcrystalline silicon thin film growth. 
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3.3 Absorbance  
To evaluate the absorption characteristics of the films at different thickness, UV-VIS-IR spectrometry 
was utilised. The absorbance of bare glass substrates was determined first, and then subtracted from the 
absorbance of the film on glass substrates to accurately determine the film absorbance. From the plot of 
absorbance vs. wavelength in Fig. 7, it is clear that with increasing emitter layer thickness the absorption 
increases, primarily around 400 to 600 nm. From the absorbance data, the absorption coefficient can be 
determined, and we compare our p-doped thin Si films as compared to intrinsic c-Si [25] in Fig. 8. It can 
be observed from Fig. 8 that at the typical solar spectrum peak of ~500 nm or ~2.5 eV, the deposited 
films are displaying an absorption coefficient in the range of 105 cm-1 which is an order higher than that 
of intrinsic c-Si. Another important observation is that with increasing Si film thickness, the film exhibits 
a red shift in the absorption edge, indicating increased absorption of lower energy incoming photons, 
hence leading to decreased electron-hole pairs generation in the intended silicon wafer substrate, and 
lower overall cell efficiency in a device. The bandgap of the films can be determined via the Tauc plot 
[26] as per Eq. 1, where α denotes the absorption coefficient, Planck’s constant ℎ, frequency of light ν, 
Tauc joint density of states B and bandgap Eg. From a sqrt(αℎν) vs ℎν curve, a linear curve is obtained in 
which the bandgap is extracted. In particular, the deposited 20 nm film sample has a wide bandgap of 
~2.1 eV, which makes it potentially useful as a passivating window layer.  
αℎν = B(ℎν - Eg)2                                                                               (1) 
The optical bandgap values lend support to the picture of an amorphous to microcrystalline transition 
as the film thickness increases, in which increased film crystallinity is consistent with the observed red 
shifts in the optical bandgap reported by others [27, 28]. 
 
In choosing the emitter layer thickness for the heterojunction solar cell, one needs to balance the trade-
offs in reducing front surface absorption/recombination by having thin Si emitter layers, while striving for 
high conductivity for charge transport. Although thin emitter layers are shown to perform much worse in 
terms of conductivity, they present other advantages such as the ability to act as a wide-bandgap window 
leading to lower front surface recombination. 
 
 
Fig. 7. Impact of emitter film thickness on absorbance. Curves are offset for clarity. 
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Fig. 8. Measured absorption coefficients of the deposited p-doped a-Si:H/μc-Si films of different thickness in 
comparison to the absorption coefficient of intrinsic c-Si. 
3.4 Device relevant, symmetrical lifetime test structure 
It is well known that neither doped amorphous Si films [29-31] nor doped microcrystalline Si films 
[32-35] provide surface passivation as good as intrinsic a-Si:H films. Hence, to passivate the c-Si 
interface, a thin intrinsic amorphous buffer layer is typically used, in which the i-a-Si parameters are 
independently optimised. Incorporation of the emitter layer in the final solar cell device will bring 
additional challenges. For example, it has been previously reported [36] that the passivation quality of the 
thin intrinsic a-Si:H buffer layer (~6 nm) on the Si wafer degrades significantly when this film is 
subsequently covered by a PECVD doped a-Si:H emitter layer with thickness ~150 nm. In this case the 
effective lifetime reduced by one order of magnitude. The lifetime drop was attributed to an increased rate 
of minority carriers tunnelling through the intrinsic a-Si:H layer to the defect-rich emitter layer. To 
investigate this issue, we fabricated a symmetrically passivated heterojunction carrier lifetime sample 
with the structure p+/i/n-type Si wafer/i/p+, as illustrated in the inset of Fig. 9. The chosen substrate is a 
double-side polished planar Fz n-type Si wafer of 2.6-3.1 Ωcm resistivity. The chosen thickness for the 
intrinsic (i) layer and the p-doped layer are 10 and 20 nm, respectively. The aim of the intrinsic layer [32] 
is to serve as surface passivation between the emitter layer and substrate. The deposition conditions of 
both the intrinsic layer and the doped emitter are shown in Table 2. 
 
Figure 9 shows the effective carrier lifetime curve of the bifacial heterojunction structure, and both the 
symmetrically passivated intrinsic a-Si:H and the symmetrical p+/i-a-Si:H on n-type silicon wafer has 
displayed lifetime of 0.91 ms and 2.4 ms respectively at a bulk minority carrier concentration of 1015 cm-3 
which is promising when compared to earlier reports of ~30 µs [36]. The implied open-circuit voltage Voc 
at 1 sun is around 730 mV, see Fig. 10. Thus, contrary to the conclusions of Ref. [36], we have 
demonstrated that it is possible to maintain a high degree of heterojunction interface passivation in a 
device structure. Possible explanations for this include: (i) The emitter layers are thin (~20 nm) as 
compared to previous reports (~150 nm), hence introducing lower absorption and recombination; (ii) The 
selected B2H6 flow (i.e., the doping concentration) is not very high, and hence the defect density could be 
significantly lower than in Ref. [36]; (iii) The deposition used a high H2 dilution ratio, hence additional 
passivation by hydrogen of both the p-doped a-Si:H emitter layer and the intrinsic a-Si:H layer could be 
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occurring concurrently. This observation is supported by the higher effective lifetime of the combined 
stack as compared to that of symmetrically passivated intrinsic a-Si:H layers alone, see Fig. 9. 
 
  
Fig. 9. Effective carrier lifetime of bifacial heterojunction structure with symmetrically passivated intrinsic a-Si:H 
layers only (left) and complete layer stack (right). 
Table 2. Deposition conditions for the carrier lifetime samples 
Plasma parameter i layer p layer 
RF Power (W) 40 85 
Deposition pressure (mTorr) 400 1900 
Gas flow(sccm): SiH4 40 6 
Gas flow(sccm): H2 40 194 
Gas flow(sccm): B2H6 (0.5% diluted in H2) - 2 
Frequency (MHz) 13.56 13.56 
Deposition temperature (ºC) 250 180 
 
 
 
Fig. 10. Implied Voc of the bifacial heterojunction structure. The implied Voc at 1 sun is 730 mV. 
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4. Conclusion 
In this paper, we report first results towards the optimisation of p-doped a-Si:H/μc-Si:H emitter layers 
at SERIS, for application in crystalline-amorphous silicon heterojunction solar cells. We varied the 
SiH4/H2 gas flow ratios, the deposition pressure, and the deposition temperature. We focused on several 
readily measurable optical and electrical parameters, such as thickness uniformity, film crystallinity, 
conductivity, absorption characteristics, and surface passivation quality. The best films were obtained for 
pressure/substrate temp/dilution ratio combinations of 1.9 Torr/150ºC/0.98 and 1.9 Torr/180ºC/0.97. In 
particular, we have chosen the 20 nm thick p-doped silicon emitter to be the optimum choice for device 
applications. From our preliminary results, several conclusions can already be drawn: 
• Monitoring of the dc bias is a good way of gauging the deposited film uniformity.  
• Conductivity measurements correlate well with results from Raman spectroscopy, and may be useful 
towards the assessment of the microcrystalline silicon quality. However, our current deposition 
conditions for doped microcrystalline emitter layer are not yet optimum, due to the need for increased 
thickness, and lead to higher front surface recombination losses. It should be possible to improve this 
situation by utilising an even higher dilution ratio, such that the growth is microcrystalline from the 
start [19].  
• Optimisation of both the emitter and intrinsic a-Si:H layers are important first steps to optimising 
charge collection, and reduction in recombination losses. In particular, we have demonstrated in this 
paper that our basic p+/i/n-type Si wafer/i/p+ structure gives a very good effective carrier lifetime of 2.4 
ms with a total combined thickness of only 30 nm on each side of the n-type Si wafer.  
 
Future work will focus on the integration of the p+ emitter layer into heterojunction solar cells.  
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